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Differences between Tethered Polyelectrolyte Chains on Bare Mica and
Hydrophobically Modified Mica

Feng Lif Marc Balastréd, Phillip Schorr! J.-F. Argillier} Jinchuan Yang,
Jimmy W. Mays$* and Matthew Tirrell¥t

Department of Chemical Engineering and the Materials Research Laboratorygelsity of California at
Santa Barbara, Santa Barbara, California 93106, Institut Fraiscdu Pérole, 1-4 Avenue Du Bois Prau,
92582 Rueil Malmaison Cedex, France, Department of Chemistryelsity of Tennessee,
Knoxille, Tennessee 37996, and Chemical Sciencession, Oak Ridge National Laboratory,
Oak Ridge, Tennessee 37831

Receied August 23, 2005. In Final Form: January 17, 2006

This study investigates the structures of layers of amphiphilic diblock copolymers of-paly{ styrene)-poly-
(styrene sulfonate) (PtBSPSS) adsorbed on both the bare mica surface (hydrophilic) and an octadecyltriethoxysilane
(OTE)-modified mica surface (hydrophobic). When the surface is rendered hydrophobic, the nonsoluble block exhibits
stronger interaction with the surface and higher adsorbed masses are achieved. Interaction forces between two such
adsorbed layers on both substrates were measured using the surface forces apparatus. The effect of salt concentration
(Cs) and molecular weight\) on the height of the self-assembled layérg (vas examined in each case. The resulting
scaling relationship is in good agreement with predictions of the brush miogel,N*0 in the low-salt limit and
LoN~1 O (Cdo)232in the salted regime, when adsorption takes place onto the hydrophobized mica surface. For
adsorption on the bare mica surfatgN—07 00 Cs%17agrees with the scaling prediction of the sparse tethering model.
The results suggest that, on the hydrophilic bare mica surface, the adsorbed amount is not high enough to form a brush
structure and only very little intermolecular stretching of the tethered chains occurs; in contrast, the presence of the
hydrophobic OTE layer increases the tethering density such that the polyelectrolyte chains adopt a brush conformation.

Introduction The mechanisms available to tether the polyelectrolyte chains
to surfaces and interfaces vary on the basis of the nature of the
. L ® “tethering site. Relevant to the solid/liquid interface are self-
importance. Through the long-ranged electrostatic interactions assembly through adsorption of the anchoring blocks of am-
and short-ranged van der Waals and steric interactions, pon-IohiphiIiC diblock copolymer&:12 covalent linking of polyelec-
electrolyte chains attached to a surface offer sophisticated controltrolyte chains to a substraéé‘lg Langmuir-Blodgett (LB)

over interfacial properties such as interfacial tension, lubrication, depositior?®-22 and spin-coatir;@?'

adhesion, friction, and wetting behavior: Moreover, poly- Self-assembly via adsorption of anchoring segments is a

elrectr(r)tliyteisn are Wate;S(SIiUb\lsh??]dmc?(n Tk?nrlnpm?titlinf rfac'?llparticularly simple and convenient means of creating polyelec-
properties in aqueous media, which makes them potentialy use utrolyte layers tethered to a surface. In this work, amphiphilic

In ﬁflog'c"’;lhatntﬂ en(;nron;pent?llylfnendly ?ppl'(l:laf[:joﬁﬂ Irst' | diblock copolymers, which consist of a neutral block and a charged

wellknown af eg rs]orp 1ono pO”y(EelrStorLgﬁCO olda Ea (|jc es block, have been adsorbed to surfaces from agueous solutions.
can cause profound changes in cofloidal sta n one hand, In this case, the neutral block acts as an anchor to the surface,
attaching polyelectrolytes on to particle surfaces leads to a

significant increase in stability through a combination of steric (6) Stokes, R. J.; Evans, D. Fundamentals of Interfacial Engineeringohn
and electrostatic repulsion. On the other hand, the sameWiley and Sons: New York, 1997.

polyelectrolytes, which provide steric and electrostatic protection g; Dan, N, Tirel, M. Mactomoleculed 993 26 4310, 1 Wi Mays, J. W.
when effectively adsorbed to the particle, may promote floc- Macromolecules995 28, 3125.
culation when adsorbed at a low tethering density, generating an  (9) Zhang, .; Tirrell, M.; Mays, J. WMacromolecules996 29, 7299.

. 3 . . . (10) Zhang, Y.; Tirrell, M.; Mays, J. WRev. Inst. Fr. Pet.1997 52, 177.
aggregation structure? Hence, the functionality and propertles_ (11) Kelley, T. W.; Schorr, P. A.; Johnson, K. D.; Tirrell, M.; Frisbie, C. D.
of the tethered polyelectrolyte are strongly dependent on tetheringMacromolecules 998 31, 4297.

i i (12) Kampf, N.; Gohy, J.; Jerome, R.; Klein JJ Polym. Sci., Part B: Polym.
density of polymer chains. Phys.2005 43, 193,
(13) Mir, Y.; Auroy, P.; Auvray, L.Phys. Re. Lett. 1995 75, 2863.

*To whom correspondence should be addressed. E-mail: tirrell@ 0 (14) Jordan, R.; Graf, K.; Riegler, H.; Unger, K. Khem. Commurl996

. . 1025.
engineering.ucsb.edu. ’ . . - .
¥ University of California at Santa Barbara. (15) Hayashi, S.; Handa, S.; Tsubokawa JNPolym. Sci.: Part A: Polym.

Chem.1996 34, 1589.

Polyelectrolytes at interfaces are of tremendous technological

¥ Institut Franais du Peole. (16) Prucker, O.; Ruhe, Macromolecules1998 31, 592.
8 University of Tennessee. (17) Prucker, O.; Ruhe, Macromolecules1998 31, 602.
£ Oak Ridge National Laboratory. (18) Zhang, H.; Ruhe, Macromolecule003 36, 6593.

(1) Napper, D. HPolymeric Stabilization of Colloidal Dispersionscademic (19) Ruhe, J.; Ballauff, M.; Biesalski, M.; Dziezok, P.; Grohn, F.; Johannsmann,
Press: London, 1985. D.; Houbenov, N.; Hugenberg, N.; Konradi, R.; Minko, S.; Motornov, M.; Netz,
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Publications: New York, 1994. (21) Prinz, C.; Muller, P.; Maaloum, MMacromolecule00Q 33, 4896.
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[CH,— CH] — [CH, — CH] copolymers were dissolved in salty water to a concentration of 80

ppm, and then the solution was stirred for at least 4 days 4€60

to ensure that any nonmicellar aggregates were disséived.
Hydrophobic Surface Preparation. Langmuir isotherms and

) ] LB deposition were carried out using a KSV 5000 Langmuir trough.

Figure 1. Schematic of the structure of PtB8laPSS. A LB monolayer of OTE was deposited onto the surface of # cm

mica sheets, which were glued to cylindrically curved glass lenses

while the polyelectrolyte block extends away. Depending on the beforehand. Before the LB deposition, the mica surface was treated

tethering density, the polyelectrolyte chains exhibit two limiting with argon/water-vapor plasma for 30 min at 20 W to generate SiOH

conformations. At low adsorption densities, an “isolated coil” groups on the surfaces. The water-vapor flow rate was such that the

structure is formed, where neighboring chains do not overlap. pressure inthe plasma chamber (initially at 34 mTorr) was maintained

Athigh grafting densities, the chains overlap, driving an additional at 54 mTorr.

; : “ " The protocol for producing the self-assembled monolayers of
stretchlng normal t_o the surface and forr_nln_g a polyme_r b“}éh.' OTE developed by Wood and Shartfaas adopted but somewhat
Our previous studies showed that the ionic strength is a critical

. . . . - modified for the deposition. OTE was first dissolved in chloroform/
factor influencing the adsorption behavior of hydrophilic  ehanol (95:5 in volume) at a concentration of 2 mg/mL. A®5
hydrophobic block copolymefs:*®We found that the addition  sojution was spread onto a subphase of neutral pH 7 and allowed
of salt (NaCl) to the polyelectrolyte solution screens the interchain to stand for 30 min before compressing the film to 30 mN/m at a
repulsion, and a certain amount of salt has to be added beforerate of 10 mm/s. The pH of the subphase was then lowered to pH
any measurable adsorption occurs. When the concentration of2+0.5 using sulfuric acid after the film was compressed at 30 mN/m
NaCl reaches about 0.15 M, significant adsorption takes place.and the compression was maintained for 90 min. Monolayers of
In addition to the ionic strength, the nature of the surface/interface OTE were sequentially deposited onto the mica surface at a velocity

also significantly affects the adsorption behavior and the structure ©f 1 mm/min and pressure of 30 mN/m with a transfer ratio of 0.95
of adsorbed polyelectrolyte layers. + 0.05. After the deposition, the surfaces were dried in a clean air

In thi h | £ 1 stream for 20 min and then were moved into an oven and annealed
n this paper, we report the results of force measurements at 45°C for 30 min, then at 70C for 30 min, and finally at 100

between adsorbed layers of hydrophobic/hydrophilic diblock ¢ for 9o min. This protocol, as we shall see later, produces arelatively
copolymers. The systems studied are diblock copolymers of poly- smooth and homogeneous OTE monolayer on the mica surface. The
(t-butylstyrene) and poly(styrene sulfonate) (PtBESS) (the resulting contact angle of the hydrophobic OTE monolayer was
chemical structure is shown Figure 1) adsorbed on both aabout 110, in accord with other studi€®:. 27

hydrophilic surface (bare mica) and a hydrophobic surfa&e ( AFM Imaging. Images of OTE surfaces were obtained under
octadecyltriethoxysilane (OTE)-modified mica). The paper is Wwater usingaDimensional 3100 AFM with a liquid cell setup provided
organized as follows. We first describe the method used to by Digital Instruments.

hydrophobize the mica surface with OTE’ and then we present Normal Force MeasurementsForce mea_surt_%m_entswere Car!’ied
and compare the force curves of polyelectrolyte layers adsorbed®Ut on a surface forces apparatus, which is similar to the design of
onto bare mica and OTE-modified mica surfaces, respectively Israelachvili?82° This apparatus permits accurate measurement of

. : - interaction forcesk(D), as a function of the surface separatibn,
obtained by using the surface force apparatus (SFA). We EXamiN€ry, o hasic techniques and the detailed experimental procedures

and discuss factors which determine the structure and forcejn,o|yed in force measurements have been described else#tére.
profiles of adsorbed polyelectrolyte layers: salt concentration, Atthe beginning of each experiment, the mica surfaces were brought
molecular weight of polyelectrolytes, and substrate properties. into contact in air. Observation of flat adhesive contact ensured that
Finally, we compare our experimental results to theoretical predic- surfaces were free of contamination. The thickness of the smooth
tions, which allow us to propose different structures of the ad- mica sheets was measured from the positions of the interference
sorbed layer when adsorption takes place onto bare mica or OTE fringes. Deposition of OTE was carried out as described above, and
observation of flat adhesive contact between the two OTE monolayers
Experimental Section was observed. The measured thickness of the OTE monolayer (20
) ) ) ) + 5 A) was in good accord with the literatu#e2’The polyelectrolyte
Materials. Mica was obtained from S and J Trading, and was aqueous solution was filtered with a 0.45 cellulose filter and
cleaved into 1 crhstep-free square coupons with thicknesso81  added into the SFA chamber and the substrates (bare mica surface
um, whichis required for the force measurement experiments. OTE or OTE-modified mica surface) were then immersed. Since water
was purchased from United Chemical Technologies, Inc. Aqueous js a poor solvent for the PtBS block and the added salt screens the
solutions used for self-assembly were prepared from pure water e|ectrostatic interaction between polyelectrolyte segments, the PtBS
obtained by distillation, deionization, and reverse osmosis (Milli-Q  plock will preferentially adsorb on the surface of the substrate and
water purification system). The resulting resistance of the water was the NaPSS blocks extend into the aqueous media. After 14 h, the
18.2 MQ/cm. Sodium chloride or sodium nitrate salt (Aldrich,  pylk polyelectrolyte solution was replaced with pure water to stop
>99.99% pure) was then added to the polyelectrolyte aqueous solutiontyrther adsorption. NaCl (or NaNgsolution was added to the SFA
to a concentration of 0.3 M. This high concentration of added salt chamber until the concentration reached about 0.3 M. The force
was used to screen electrostatic interactions during adsorption andgistance profilef/R vsD) was obtained at this concentration, where
thus, to maximize the adsorbed amount. Ris the mean curvature of the cross-cylindrical lenses. The bulk salt
The diblock copolymers used in this study was PtB&PSS of  concentration was gradually diluted, and forehistance profiles at
various molecular weights and compositions. The PtBS block is
strongly hydrophobic and insoluble in aqueous media, while the (55 Astafieva, I.; Zhong, X. F.; Eisenberg, Macromoleculesl993 26,
NaPSS block is hydrophilic and soluble in water. The diblock 7339.
copolymers were made highly asymmetric (small PtBS block and ~ (26) Wood, J.; Sharma, Rangmuir1994 10, 2307.

very large NaPSS block) to ensure water solubility. They have lgééqf%""sngas"y* J.; Schneider, H. M.; Granick, S.; Kessel, Q.aRgmuir

polydispersity ratios<1.05 based upon size exclusion chromatog- ™ 3g) |sraelachvil, J. N.; Adams, G. B. Chem. Soc., Faraday Trans1978
raphy and matrix-assisted laser desorption/ionization time-of-flight 74, 975.
mass spectrometry data, with sulfonation levels in the NaPSS blocks ~ (29) Israelachvili, J. NJ. Colloid Interface Sci1973 44, 259.

0, i (30) Hadziioannou, G.; Patel, S.; Granick, S.; Tirrell, B1Am. Chem. Soc.
of around 90% based upon elemental analysis (Table 1). The 1986 108 2869,
(31) Balastre, M.; Li, F.; Schorr, P.; Yang, J.; Mays, J. W.; Tirrell, M.
(24) Milner, S. T.Sciencel991], 251, 905. Macromolecule2002 35, 9480.

CH, SO, Na*
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Table 1. Molecular Information of PtBS—NaPSS Diblock Copolymers and Tethering Density Obtained by the SFA Dry-Layer
Measurement (a) and by Ellipsometry (b}

polymer name MT1 MT2 MT3 MT5S MT6
degree of polymerization of PtBS block 54 26 27 15 15
degree of polymerization of NaPSS blo¢k, 879 403 747 438 612
degree of sulfonatiorf} 93% 89% 87% 85% 84%
polydispersity 1.03 1.03 1.04 1.03 1.04
tethering density (bare mica surface),10'®chains/m) 2 23+05 5.8+ 1.2 2.8+ 0.6 6.3+ 1.3 —
tethering density (OTE-modified micaj,(10'°chains/n)? - - 10.1+2 154+ 3.1 12.6+ 25
tethering density (OTE-modified micay,(10'>chains/ni)P 6.9+0.2 - 74+£0.2 1254+ 0.4 9.5+00.3

a2 The PtBS-NaPSS diblock copolymer was adsorbed from aqueous solution with 0.3 M added;aN@CI to two different substrates. The
adsorption time was 14 h.

30 compression at pH 11

25
compression at pH 7

20 compression at pH 5

15

T (mN/m)

10 | 2nd compression compression at pH 2

atpH2 3
s \ decompression at pH 2
0 o SR
0 10 20 30 40 50 60 70

Area per molecule (A%)

Figure 2. Surface pressurd]) versus area per molecule isotherms for monolayers of OTE on the aqueous subphases of different pH at
25+ 0.2°C.

A B

Figure 3. Tapping mode AFM image (30m x 30uxm) of OTE monolayer deposited on the mica surface following the Wood and Sharma
protocol (A) and following our protocol (B).

other salt concentrations were measured. The precise salt concentreand polymerizes laterally in the plane of the interface, leading
tion in the bulk solution was measured using a conductivity probe. to predominantly condensed phases. The expanded region
The temperature inside the SFA was controlled at:30.2°C for becomes larger when the pH is increased, suggesting that less
all experiments. All sets of SFA data in this paper represent several ynd |ess polymerization occurs.

compression/separation cycles performed on the same spot, as wel? AFM Images of OTE Monolayers. Figure 3A shows a tapping

as data from different areas of different assembled layers. mode image of an annealed OTE’ monolayer deposited on the
mica surface, reproduced in our lab following a published

. ) . protocol26:33|n this case, OTE molecules were directly spread

~ Langmuir Isotherms of OTE. Figure 2 shows Langmuir — ontq 4 subphase of pH 2, compressed, and then deposited onto
isotherms of OTE layers with subphase of different pHs (pH 2, the mica surface that had been treated with argon/water-vapor
5,7, 11). The isotherm at pH 2 has been reported elsedfhere ,a5ma The image shows polymerized OTE islands with diameter
and was reproduced in our lab. At pH 11, 7, and 5, the CuUIVes f 51,6yt 6um in contact, with unpolymerized OTE in between.
exhibit a liquid expanded (LE) phase, followed by a more s resuiting morphology is not really understood and could be
compressible phase (at about 42 fa liquid condensed phase
(LC) (at about 26 &), and a collapse (at about 202A (32) Evans, D. F.; Wennersirg H. The Colloidal Domain: Where Physics,
corresponding to amolecular area equivalent to the cross-sectionth(eg')sgghEe'%z?y’J o i e Bl 1998
area of a single hydrocarbon t&lAt lower pH, OTE hydrolyzes 329 772. T Y '

Results and Discussion
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explained by an uncontrolled nucleatiegrowth mechanism, of the polymer chains. When the adsorption takes place onto
which takes place before compressing the OTE molectie¥. hydrophobically modified mica substrates, the affinity between
We have developed a modified procedure that avoids island the hydrophobic adsorbing block and the hydrophobic OTE
formation. The early growth can be blocked by spreading the surface increases, hence the adsorbed amount of polymer chains
OTE molecules onto a subphase of pH&(in order to prevent increases by a factor of-23. Structure and force profiles of the
hydrolysis and condensation) followed by a slow compressing polyelectrolyte layers adsorbed on these two different surfaces
of the molecules to force them to be ordered and in contact. After will be discussed later. In the reminder of this paper, we will use
this process, we initiated the hydrolysis/condensation reactionsthe term “tethered” to refer to the diblock copolymers connected
by dropping the pH of the subphase to pH 2 while the OTE to the substrate surface through the adsorption of the anchoring
molecules were still densely packed. Ninety minutes was allowed PtBS blocks.
for hydrolysis/condensation reactions before the OTE monolayer Force Profiles.The normal forces between the polyelectrolyte
was transferred to the mica surface. Figure 3B is a tapping modewith various molecular weights, adsorbed onto the bare mica
AFM image of the annealed OTE layer treated by using this surface and OTE-modified mica surface, respectively, were
modified procedure. It clearly shows that the surface is made of measured with the SFA at different added salt concentrations.
amore uniform OTE layer with smaller defect regions, suggesting Only the force curves of polyelectrolyte layers adsorbed on the
that this protocol favors a uniform growth rather than an island bare mica surface is reported here, while those force curves of
growth mechanism. Achieving this structure requires a compact polyelectrolytes adsorbed onto OTE-modified mica surface can
arrangement of the OTE molecules before any hydrolysis and be found in our previous papé.
condensation reactions take place. For polyelectrolytes tethered to the OTE-modified mica surface,
Adsorption. The concentrations of PtBSNaPSS solutions  our studies show that the adsorbed layers are within the brush
used in all our experiments were about 80 ppm, which is above regime and can be well described by the scaling brush théory.
the cmc of these diblock copolymeis3” so micelles will be The measured forces between brush layers can be regarded as
present in solution. Recent studies in our group indicate that thethe contributions of steric interactions and short-ranged electro-
micelles do not directly adsorb to hydrophilic substrates such as static interactions, while long-ranged electrostatic double-layer
bare mica surface$.Instead, the free chains in solution adsorb, forces have not been detected. A large fraction of counterions
which drives a breakup of the micelles to maintain a constant condense to the polyelectrolyte backbones, while the rest of the
concentration of free chains in the solution. For OTE-modified counterions are trapped inside the brush. We successfully reduced
mica surfaces, the adsorption mechanism was shown to be differ-all our data into a “universal brush height curve”, which considers
ent since the hydrophobic micelle core can overcome the barrierall factors that affect the brush height. The force data of poly-
energy induced by its charged shell, directly adsorb, and rearrangeelectrolytes tethered to a bare mica surface, however, exhibit
over the surfacé®3°The adsorption kinetics and final adsorbed features different from the brush behavior, as will be described
amounts obtainable with these block copolymers from aqueousbelow.
solution have been studied in our lab by ellipsomé&taf:38.3° When the forces between the two opposing polyelectrolyte
The adsorbed amount can also be measured by the SFA bylayers are measured, a hysteresis is sometimes observed between
measuring the dry layer thickness of the adsorbed polyelectrolytedifferent compression/separation cycles for the same polymer at
layers (Table 1). When all the force measurements on a particularthe same added salt concentration. This hysteresis effect has
sample have beenfinished, the solventis drained from the chambebeen observed previously in our group in studies of polyelectrolyte
and filtered nitrogen passes through the apparatus overnight tobrushes on mica using the Sf4%but not in layers adsorbed
dry the adsorbed polymer layers. The surfaces are then broughion OTE?3! Figure 4 shows a typical hysteresis between the first
into contact and the thickness of the dry polymer layer was compression and all subsequent compressions made on a given
measured. At very similar adsorption conditions, the adsorbed spot of the sample. The force curves are shown to shift to smaller
amount measured by the SFA is approximately-20% higher separation distance upon the first compression at a given spot
than that by measured by ellipsometry, as shown in Table 1, and then become reproducible for all subsequent compression/
because the polyelectrolyte layers are extremely hydrated andseparation cycles. The magnitude of this effect is relatively small,
some residual water will always remain in the “dry” layers at reversible, and could relax with time (time scale of hours).
ambient temperature and pressure. Thus, the values obtained by Figure 5 shows the reproducible forces versus distance profiles
the SFA are less accurate than the ellipsometric measurementsmeasured at different salt concentrations between the two layers
However, ellipsometric measurements of adsorption on bare micapf PtBS—NaPSS diblock copolymer of different molecular
surfaces are challenging, owing to birefringence of mica, and weights on the bare mica surface adsorbed from aqueous polymer
therefore, in this case, only values found by the SFA are reportedsplution with 0.3 M NaCl (or NaNg). The forces are purely
here. repulsive for both compression and separation. The onset of
The adsorbed amount depends strongly on the substrate affinity forces occurs at a distance well below the contour lengths of the
Because the bare mica surface is hydrophilic and weakly chains and slightly larger than twice the radius of gyration of
negatively charged in aqueous media, adsorption onto this surfaceNaPSS in solution at similar added salt concentrations (Table 2).
is only slightly more favorable for the PtBS blocks than remaining As the molecular weight of the NaPSS chains is increased at a
inaqueous solution. This leads to relatively low adsorbed amountsgiven salt concentration, the range of the normal forces increases.
An increase of the range of the force profile is observed upon
(34) Wood, J.; Sharma, Riangmuir 1995 11, 4797. . decreasing the salt concentration due to a decrease of the screening
1453;_5) Guenoun, P.; Lipsky, S.; Mays, J. W.; Tirrell, Mangmuir 1996 12 of the electrostatic repulsion. Itis interesting to note that, for the
(36) Guenoun, P.; Davis, H. T.; Tirrell, M.; Mays, J. Wlacromolecules same salt concentration and molecular weight, the onset of the

1996 29, 3965. _ , interaction forcesDy, of polyelectrolytes tethered to the OTE-
(37) Guenoun, P.; Delsanti, M.; Gazeau, D.; Mays, J. W.; Cook, D. C.; Tirrell,

M.; Auvray, L. Eur. Phys. J. B199§ 1, 77.
(38) Toomey, R. Ph.D. Thesis, University of Minnesota, 2002. (40) Watanabe, H.; Patel, S. S.; Argillier, J. F.; Parsonage, E. E.; Mays, J.;
(39) Toomey, R.; Mays, J.; Holley, D. W.; Tirrell, MMacromolecule®2005 Dan-Brandon, N.; Tirrell, MMater. Res. Soc. Symp. Prd992 249, 255.

38, 5137. (41) Mao, G. Ph.D. Thesis, University of Minnesota, 1994.
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surface are not as densely adsorbed as for the brush structure,
it is reasonable to assume the Manning condensation theory is
still valid for this configuration, which gives

o 25_0.35
Bs~ B

whereg is the degree of sulfonation of the polyelectrolyte chains.
Therefore, the GouyChapmann lengthy, which characterizes

the thickness of the counterion cloud above the charged planar
surface, was calculated for each material, and the results are
givenin Table 2. ClearlyDo/2> A, which means the Coulomb
attraction retains the counterions inside the adsorbed layer; hence,
Dy/2 can indeed be interpreted bg wherel, refers to the
equilibrium height of the adsorbed polyelectrolyte layer at a
given salt concentration. For each salt concentration, a height of
the polyelectrolyte layet,, was obtained from the onset of the

tethered to bare mica surfaces and immersed in 0.3 M NaCl aqueoudnteraction forces and is reported in Table 2. _
media. The hysteresis observed here between the first and subsequent Degree of Overlap.The degree of overlap between chains,

compressions would relax with time+3 h) so that the original

o*, can be quantified as* = Lo%/A, whereAis the average area

compression curve was again obtained. The inset is a semi-log plotper chain; henced = 1/0. Wheno* < 1, the polyelectrolytes

of the same curves.

modified mica surface occurs at larger distance than to the bare

mica surface. This difference might be explained in terms of the
structure of the polyelectrolyte layers, reflecting the differences
in the tethering density.

An important question to be addressed is whether the forces
measured between the two opposing polyelectrolyte layers consis

of acomponent of the electrical double forces that extends beyon
the confinement of the polymer segment distribution. In other
words, does the onset of the normal fordeg, equal twice the
equilibrium height of the adsorbed layek,2 For polyelectrolyte
brushes adsorbed on the OTE-modified mica surface, we
demonstrated in the previous papehat no electrical double-
layer forces were detected and all the counterions were trappe
inside the brushes, which is in good agreement with the small-
angle X-ray scattering experiméfand the molecular dynamics
simulations®® Following the argument proposed by Zhulina et
al.* we can analyze the position of the counterion cloud for

polyelectrolytes adsorbed to the bare mica surface. The onset o
the measured interaction forces, which was determined from the
experimental force curves, can also be regarded as the distanc

where the counterion clouds of the two opposing polyelectrolyte
layers start to overlap (if assuming the counterion cloud extends
beyond the adsorbed layer). Hence, the counterions of a singl
polyelectrolyte layer are distributed in the space between the
mica surface an®y/2. Another important length scale for this
system is the GouyChapmann length,

1
A 27l gooN
wherelg is the Bjerrum length (7.14 A for watefj,o is the
tethering density in chains per unit area which can be calculated
from the measured adsorbed amount, &his the degree of
polymerization of the PSS block. Heeeis the fraction of free
counterions (ratio of free counterions concentration to the
concentration of polymer segments) and is modified for counterion
condensation® Since polyelectrolytes adsorbed to the bare mica

(42) Bendejacq, D.; Ponsinet, V.; Joanicot, Eur. Phys. J. 2004 13, 3.

(43) Seidel, CMacromolecule2003 36, 2536.

(44) Zhulina, E. B.; Borisov, O. VJ. Chem. Phys1997 107, 5952.

(45) Israelachvili, J. Nintermolecular And Surface ForceAcademic Press:
London, 1992.

(S

are sparsely tethered and adopt a random orientation normal to
the surfacei§otropically stretchedegime)?” Wheno* ~ 1, the
chains take on a strong orientation normal to the tethering surface
due to intermolecular interactions but are only stretched in the
normal direction by intramolecular interactions. The height of
the layer at this point is thought to still be approximately the
radius of gyrationRy, of the free chains in solutioro(dered
tick9.4” Finally, wheno* > 1, the intermolecular interactions

between chains promote an additional stretching normal to the
surface and the layer follows the physics of polyelectrolyte
brushes.

For polyelectrolytes adsorbed on the bare mica surface, the
values ofo* range from 3 at high salt concentrations to 25 at

dow salt concentrations (Table 2). This indicates that the self-

assembly of PtBSNaPSS diblock copolymer on bare mica
surfaces from an aqueous polyelectrolyte solution with 0.3 M
NaCl does not appear to produce a very dense polyelectrolyte
brush. Though 25 may appear at first thought to be a high value

TOf o*, itis low compared to the values attained on hydrophobic

surfaces (see below). Instead, some intermediate structure is
éormed with the height of the layer scaling with the radius of
gyration of the NaPSS block. Furthermore, the almost constant
value ofL¢/Ry with decreasing salt concentration suggests that
the chains hardly enter into the brush regime even though the
range of the electrostatic interaction is increasing.

When adsorption takes place onto the OTE-modified mica
surface, the degree of overlag®, is much greater and varies
between 20 at 0.3 M NaCl (or NaNpup to 200 at very low
salt concentration (Table 3). ValueslofiRy also significantly
vary as the salt concentration decreases, implying greater
stretching of the chains than in the previous case with decreasing
the salt concentration, suggesting an additional stretching of the
chains probably due to an higher tethering density.

Figure 6 shows the degree of stretching of the chains, defined
asLo/Ry, as a function of the degree of overlap, for adsorption
to both the bare mica and the OTE-modified mica surfaces. In
this log—log plot, all the points corresponding to adsorption to

the OTE-modified mica surface fall on a straight line with a

slope of about 0.2, while most points from adsorption to the bare
mica surface form a plateau at loweg/Ry values.

(46) Manning, G. SJ. Chem. Phys1969 51, 924.
(47) Borisov, O. V.; Zhulina, E. B.; Birshtein, T. MMacromolecule1994

27, 4795.
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Figure 5. Normal forces between four PtB®aPSS copolymer layers tethered to bare mica surfaces at different added salt concentrations:
(a) MT1, (b) MT2, (c) MT3, and (d) MT5. At each salt concentration, forces were measured for both compression and separation.

Table 2. Characterization of PtBS-NaPSS Layers Tethered on Comparison with Scaling Models. For sparsely tethered
Bare Mica Surfaces at Different Added Salt Concentrations Cs polyelectrolyte chains, it is reasonable to assume the counterion
A addedsalt Ry Lo condensation obeys the Manning theory, which leada to
polymer N (A) conenCs(M) (R)2 (A) o Lo/Ry 0.35f3, and the values of. are very close to 0.40 for all the
MT1 879 2.9 3.0x10! 309 425 4.1+0.8 1.4+0.07 diblock copolymers of different molecular weight and degree of
8.0x 10? 599 838 1632 1.4+0.07 sulfonation in this study. For the brush structures, the values of
MT2 403 24 2.5<10° 188 225 3+0.6 1.2+0.06 a, calculated from the experimental d&tare also very close
15%x 102 296 375 8.2-1.6 1.3+0.07 for diff | died. Theref ¢ h
1.0x 10-2 318 550 17.6-3.5 1.7+ 0.09 to 0.18 for different samples studied. Therefore, for each case,
MT3 747 26 3.0x10% 279 375 3.9-0.8 1.3+0.07 it is reasonable to assurnes constant for all adsorbed diblock
1.8x 10; 509 575 9.3-19 1.1+0.06 copolymers studied. Figure 7 shows the ploLgas a function
VTS 438 2.0 Zéeex igl i% g;g zsl’i g-g igi 8-8? of N at very low added salt concentrations. In this low-salt limit,
30x 101 191 263 43L09 14+ 007 the scaling theory predicls, scalesN to the first power ¢ =
19%x 102 322 425 11.4: 23 1.3+ 007 1) for a polyelectrolyte brush, as well as for strongly charged,
8.3x10% 349 625 24.6:4.9 1.8+0.09 sparsely tethered chains. The slope appears to-bel when
7.2x10° 349 625 24.6:4.9 1.8+0.09 adsorption takes place onto the OTE-modified mica surface, in

aThe radius of gyration of free NaPSS chaiRg,was calculated on ~ good accord with the first power dependence expected by the
the basis of the studies in refs 48 and 51 by considering that both the scaling brush theory; whereas= 0.7—1 when adsorption takes
counterions and the added salt contribute the ionic strength. place onto the hydrophilic mica surface, lower than expected for
the sparse tethering polyelectrolyte chains. The relationship
betweenRy; and N has been determined experimentally for
polyelectrolytes in solutions such as NaP$&nd through
simulations for weak polyacids such as PARC Those
relationships allows one to determine how “rodlike” the charged
chains are behavind?f O N) and the effective “good”Ry O
N®-6) and “theta” Ry O N°9) ionic strength conditions. The data

This graph shows that the polyelectrolyte chains start to feel
an additional stretching when the degree of ovewpis larger
than 10. The power law relationshipy/Ry O %92 [ (Lo?/A)°?
0 (Lo20)%-2 which can be translated kg O 0¥/3, agrees well with
the brush theory, indicating that a brush structure is indeed formed
through adsorbing polyelectrolytes to the OTE-modified mica

ﬁ;lza(;f' Er?égg::r:izgdgr;sloc’)::ﬁndeg Zzggftf[?;ﬁrlgﬁ?hzhggz suggest that the NaPSS chains adopt a configuration similar to
P ' P 9 P a neutral chain in a theta solvent at 3.1 M NaCl and similar to

mica §urface. T.he'fefore’ we can conclude th'at, in this case, thea neutral chain in a good solvent at 0.15 M NacCl. As the ionic
tethering density is not high enough to drive an additional

stretching of the chains and the polymer layer is made 01‘sparsely3trength is reduced further to 2 mM, the NaPSS chains start to

tethered chains. The increase of the layer height with decreasingtehxeh 'rtgtdfilfg Iﬁlgq?tntgljrcﬁfssﬁgCa?geifggg dbL:grsargmgx\tlelel/itt)ﬁ I%V;

salt concentration tends to mirror the predicted increase in thedilute solution measurements of Wang et al. on NaP8s.

radius of gyration of the NaPSS chains with decreasing salt

concentration. This suggests that intramolecular interactions are Eﬁg; wsﬁlrll(sl}, L-I:Qng 'é'\"lgcﬁmg{'e,culﬁﬂﬁfhﬂ 349% 1998 80, 3731
. . . . . . inkler, R. G.; Gold, M.; Reineker, Phys. Re. Lett. ) .

dominating over intermolecular interactions when adsorption  (54) Schafer, H.: Seidel, Qacromoleculesi997, 30, 6658

takes place onto the bare mica surface. (51) Benoit, H.; Doty, PJ. Phys. Chem1954 57, 958.
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Table 3. Characterization of PtBS-NaPSS Layers Tethered on the OTE-Modified Mica Surface at Different Added Salt
Concentrations, Cs.

added salt Ry Lo added salt Ry Lo
polymer N  concnCs(M) (A2 (AP o* Lo/Ry concnCs(M) (A2 (A)® o* Lo/Ry

MT1 879 3.2x 101t 304 615 26113 2.0+0.1 2.7x 1072 511 1410 137.%6.9 2.8+ 0.14
14x 101 376 785 425-2.1 2.1+0.11 9.1x 1073 581 1690 19A 9.9 2.9+ 0.15
5.3x 102 455 1085 81.2-4.1 2.4+0.12 4.1x 1078 613 1760 213.6-10.7 2.9+0.15

MT5 438 3.0x 101t 191 324 13.1H0.7 1.7£0.09 1.2x 1072 332 734 67.3t 3.4 2.2+ 0.11
1.6x 101 223 409 20.9-1 1.840.09 9.1x 10* 371 849 90.1 4.5 2.3+ 0.12
7.6x 1072 266 499 31.H16 19+0.1 15x 10 371 839 88+ 4.4 2.3+ 0.12
3.4x 102 294 629 49525 2.1+0.11

MT3 747 49x 101 243 370 10.H 0.5 1.5+0.08 9.2x 1073 517 1295 124.2-6.2 2.5+ 0.13
3.0x 10t 276 455 153t 0.8 1.6+0.08 2.8x 1073 553 1340 133t6.7 2.4+ 0.12
1.2x 101 349 620 28514 1.8+0.09 5.7x 10 575 1365 138:6.9 2.44+0.12
5.2x 102 405 785 45623 1.9+0.1 9.1x 10°° 575 1385 142.%7.1 2.44+0.12
2.0x 102 475 1060 83.2£4.2 2.2+0.11

MT6 612 3.0x 10t 241 405 15.6£0.8 1.7£0.09 5.4x 1073 455 1135 122 & 6.1 2.54+0.13
1.2x 101 303 555 29.3t15 1.840.09 9.2x 10* 485 1145 124.%6.2 2.4+ 0.12
5.6x 1072 363 695 46+ 2.3 1.9+ 0.1 1.1x 104 485 1155 127.% 6.4 2.4+ 0.12

2.0x 102 406 995 94.3t4.7 25+0.13

aThe radius of gyration of free NaPSS chaiRg,was calculated on the basis of the studies in refs 48 and 51 by considering that both the counterions
and the added salt contribute the ionic strenf§Bome of thel, values are extracted from ref 31.
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Figure 6. Degree of stretching of the chains as a function of the 300 400 500 600 700 800 900 1000
degree of overlap in a leglog plot. Open squares correspond to N

results from adsorption onto the bare mica surfaces, whereas filled _. .

squares are the results from adsorption onto the OTE-modified micaFigure 7. Dependence of the polyelectrolyte layer heigh,on

surfaces. The solid line shows the slope of the filled squares.  degree of polymerizatiol, in the low-saltlimit for adsorption onto
the bare mica surface (open squares) and the OTE-modified mica

g surface (filled squares). Inthe low-salt-limit regirhgjs independent

It is worthwhile to examine how the height of the adsorbe U ! ) o
layers changes with added salt concentration. As the Salt?Jrag]%egv%agélggstrmghtImes (solid and dashed) are linear fittings

concentration increases, the sparsely tethered polyelectrolyte

chains transit from ordered sticks to salted céfilthe scaling > C*, by fitting the points in the high-saltlimit, the layer thickness
theory predicts thatl, 0 N3%°Cs 15, when the added salt was found to decrease with added salt with a slope@fl7 for
concentrationCs, is greater than the uncondensed counterion the layer on the bare mice surface an@.33 for the case of

concentration in the adsorbed lay@r, with C* given by OTE-modified surface, respectively. This suggests that, only
when adsorption takes place onto the bare mica surface, the
C* = Noa — Noa. behavior is in agreement with the scaling prediction for the salted

Al, Ly coils (sparsely tethered regime), i.kg, 0 Cs 15,

The height of the adsorbed layers can also be scaled with
andL, shows no dependence @gando in the limit of low salt added salt concentration using the brush model (densely tethered
concentration €s < C*).%7 If only a minimal amount of regime). The scaling theory of the brush model suggestd that
intermolecular stretching takes place, a plotgfi—3/>versusCs 0 No3Cs 13whenCsis greater tha”, andLo does not depend

should have a slope ef1/5 in the high-salt limit. Figure 8 shows  on Cs ando in the limit of low salt Cs < C").#” Therefore, if
alog—log plot of LoN~" versusCs. The value ofy was set to 0.7 intermolecular stretching dominates in the self-assembled layers,
for PtBS—-NaPSS diblock copolymers adsorbed on the bare mica a plot of LoN~! versusCdo should have a slope 6f1/3. Figure
surfaces and 1 for on the OTE-modified mica surface, respectively,9 shows a plot of£.oN~V versusCda, where the value of was

on the basis of the fit of the data in Figure 7. WhHen< C*, setto 0.7 for polyelectrolytes on the bare mica surface and 1 for
the height of the layers was found to be independent of the addedon the OTE-modified mica, respectively, on the basis of the fit
salt concentration in agreement with the description of Borisov of the data in Figure 7. In case of the OTE-modified mica surface
et al#” for the ordered sticks or osmotic brush regime. Wen as the substrate, the results are in excellent accordance with the
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I d=130-210A
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Bare Mica Surface
(hydrophilic)
d=80-120A

PtES-NaPSS

OTE monolayer
(hydrophobic)

Mica

Figure 10. Schematic of the polyelectrolyte layer tethered to the
bare mica and the OTE-modified mica surface. A sparse tethering
structure is formed when PtBSNaPSS chains are adsorbed on the
bare mica surface, whereas the presence of the hydrophobic OTE
layer increases the tethering density such that the chains adopt a
brush structure.

greement with our results obtained from adsorption on the OTE-

odified mica surfaceloN~1 00 (Cdo) %39, This finding is in
line with the previous observationslof [ N°7for the bare mica
case antlo O N* for the OTE-modified mica case. Taken together,
this evidence strongly suggests that the adsorption of the-PtBS
NaPSS chains to the bare mica surface leads to relatively sparse
tethering of the chains, whereas a brush structure is formed through
adsorption to the OTE-modified mica surface (see the schematic
in Figure 10). The value af* necessary to ensure enough lateral
overlap and to drive additional stretching of the chains seems
to be around 10. This means that the chains start to overlap when
Lo = 3d, with d being the average distance between tethered
chains andl? = A being the average area per chain. Therefore,
the tethered polyelectrolyte chains can stretch as much as three
times the average lateral distance before the chains start to overlap.

Conclusion

OTE molecules were deposited to the mica surface by using
the LB technique. AFM imaging showed that the distribution of
the OTE monolayer was homogeneous, rather than the reported
island morphology? 34 Hydrophobically modified polyelec-
trolytes were adsorbed from aqueous salty solutions to both the
bare mica surface and the OTE-modified mica surface. Surface
force experiments and ellipsometric measurements showed that
polyelectrolytes tethered to the OTE-modified mica surface are
dense enough to form a brush structure and their behavior can
be well described by the scaling brush model; whereas for
polyelectrolytes tethered to the bare mica surface, the chains

Figure 9. Dependence of the height of the tethered polyelectrolyte adopt a sparse tethering structure. In the low-salt limit, the height

layers on the added salt concentration by using the brush modelof the sparsely tethered chains scales with the degree of
(densely tethering). Polyelectrolyte was tethered to the bare mica

surface (open squaraesyas set equal to 0.7) and the OTE-modified
mica (filled squaresy was set equal to 1), respectively. Solid lines
are linear fittings of the data points in the high-salt limit. The OTE-

polymerization aso [ N%7. LoN~97 does not depend the added
salt concentration in the low-salt regime and scales with the salt
concentration to the-0.17 power in the high-salt regime, in

modified mica case appears to obey the predicted scaling exponenggreement with the scaling prediction for sparsely tethered

(—1/3) of this model, while the bare mica case does not.

scaling predictions for the brush model, with a slope-6£32.
For the bare mica case, wh€g > C*, the layer thickness was
found to decrease with added salt with a slope-6f17, which
indicates the polyelectrolyte chains are not densely tethered.
Clearly, the sparsely tethered model illustrated in Figure 8
provides a better description of the experimental data resulting
from adsorption on the bare mica surfatgN=%7 O Cs 017,
whereas the brush structure illustrated in Figure 9 is in excellent

polyelectrolyte chains.
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